ABSTRACT This paper investigates the manufacturability-aware process of p-n junction formation for photovoltaic cells involving with Si nanoparticle layer. The furnace-based dopant diffusion process of forming a p-n junction consumes a substantial amount of energy. In addition, repetitive production steps prevent the possibility of Si ink-based cells integrating onto flexible substrates. This research examined the local heating dopant diffusion process by using a fiber laser at a wavelength of 1064 nm. The infrared beam is delivered onto the wafer stack with a nanoparticle carbon layer and n-type Si ink layer on p-type Si substrates. The nanoparticle carbon film absorbs infrared beam energy and converts photon energy as a thermal source to diffuse the n-type dopant in Si ink into the p-type Si wafer. The Si ink in this paper contains a mixture of Si nanoparticles and an n-type spin-on dopant solution. The TEM results show that Si nanoparticles are uniformly dispersed on the Si wafer surface. This research investigated sheet resistance as a function of laser parameters, including laser power, scanning speed, and pulse frequency for the samples coated with Si ink. Secondary ion mass spectroscopy measurements indicate the presence of an n-type dopant in p-type substrates, with an approximate diffusion depth of 100 nm. The results indicate that the proposed infrared laser treatment technique is promising for the formation of p-n junctions with Si ink-based photovoltaic cells.
I. INTRODUCTION
Photovoltaic cells integrated onto flexible substrates have attracted considerable interest because they have potential mobile, automotive, and building applications [1] - [3] . The material systems for promising flexible photovoltaic cells consist of Cu(In,Ga)Se 2 (CIGS), organic, or Si ink [4] - [6] . The cell efficiency of CIGS-and organic-based material can reach 15%, and can reach 19% in Si ink-based cells, rendering them a competitive form of solar technology [6] . Several researchers have demonstrated that Si nanoparticles (NPs) are uniformly dispersed in organic solvents such as SiO 2 sol-gel [7] , spin-on glass [8] , isopropyl alcohol (IPA) [9] , mestilylene [10] , and toluene [11] . The mixture of Si NPs and the solvents can be further deposited on Si wafers to form photovoltaic cells. Various configurations have been proposed, such as a tandem device to widen the absorption of the solar spectrum [12] - [17] .
Si ink-based photovoltaic cells use Si NPs as a light-absorption medium. Si NPs demonstrate excellent properties such as nontoxicity and a low melting temperature [18] , [19] . Si NPs also have a higher energy gap than that of traditional Si bulk material. Therefore, controlling the size of Si NPs enables a shift to the optimal energy gap (i.e., 1.6 eV) [20] - [22] . Si NPs show strong photoluminescence in the visible-red region of the solar spectrum. This strong photoluminescence can be used in downshifters to increase the efficiency to as high as 60% [23] - [25] . Another phenomenon that has been investigated is the ability of NPs to generate multiple excitons in photovoltaic cells. The energy potential of an exciton is considerably greater than that of the bandgap, possibly enabling the cells to generate additional excitons instead of losing excess energy in the form of heat. The presence of these multiple excitons leads to an increased photocurrent in the cells [26] , [27] .
The dopant diffusion process in the fabrication of Si photovoltaic cells with Si NPs relies on the samples being immersed in a high-temperature furnace tube. The main disadvantages of this method are its repetitive production steps and energy consumption, which are necessary to prevent the Si NP photovoltaic cells from adhering to the flexible substrates. Laser irradiation of Si samples is a potential alternative to using a conventional furnace, because it requires fewer fabrication steps, consumes less energy, and offers local heating to control the dopant diffusion depth. Fairfield and Schwuttle were the first to create a PN junction on a conventional Si substrate by using a pulsed laser [28] . Continuous wave (CW) and mode-locked lasers were also used for the laser crystallization process [29] . In addition, researchers have developed thin-film polycrystalline solar cells on glass substrates by using a CW diode laser at a wavelength of 532 nm [30] - [33] . Moreover, this laser irradiation technique has been widely used for texturing silicon surfaces [34] - [38] , ablating dielectric layers [39] - [41] , and creating buried contacts [42] . Recently, Meseth et al. demonstrated that it is possible to dope a silicon wafer by using highly doped Si NPs and an ultraviolet laser [43] .
The present research proposes a novel process for fabricating a PN junction with a Si NP layer on p-type Si substrates. An infrared fiber laser at a wavelength of 1064 nm is used for the diffusion process of an n-type dopant into a p-type substrate. Section II reports the use of laser illumination in this fabrication process. Section III presents the crystallization dependent on the pulsed laser parameters, and the conclusion is stated in Section IV. 
II. PN JUNCTION FORMATION PROCESS
There are two experiments to be conducted for exploring the PN junction formation process with Si NP layer. Firstly, Figure 1 shows the fabrication process of PN junctions with n-type dopant on p-type Si substrates. Mono-crystalline p-type Si CZ wafers with an orientation of <100>, a thickness of 275 µm, and a resistivity of 1-10 ohm/cm are used in this experiment. These wafers were cleaved into samples with areas of 1.5 cm × 1.5 cm. The sample was then cleaned by applying a solution of DI water, NH 4 OH, and H 2 O 2 (5:1:1) to remove particles, DI water: HF (50:1) to strip the oxide, and DI water: HCl: H 2 O 2 (6:1:1) to remove ionic. There are many types of dopant sources available in for conventional bulk Si solar cell doping. Spin-on-dopant P509 (n-type SOD) from Filmtronics with concentration of 10.5% w/v is selected as the dopant source for this experiment. The main advantages are high purity, low viscosity, and consistent coating. The Si wafer samples are spin-coated with n-type SOD at 3000 rpm for 20 seconds and baked at 200 • C for 15 minutes to remove the excess of solvent. The n-type SOD layer thickness was 1000 nm.
The second experiment is conducted using Si NPs mixed in the n-type SOD solution from Filmtronics. The Si NPs used in this study were obtained from Meliorum Technologies, and were dissolved in mineral oil with 99.9999% metal basis purity. The average Si NP size was approximately 5 nm. Si NPs are separated from mineral oil using the following procedure: 1) A centrifuge tool is used to separate the Si NPs at the bottom layer from mineral oil at the top layer, 2) Remove mineral oil and add Toluene solvent, 3) Stir the mixture of Toluene solvent, mineral oil and Si NPs using magnetic stirrer. These steps are repeated several times until the complete removal of mineral oil and Toluene solvent. The 0.5 mg of Si NPs were then mixed in 15 mL of an n-type spin-on-dopant (SOD) solution to form n-type Si ink (n-type SOD + Si NPs). The samples were spin-coated with the n-type Si ink at the same rotation speed and time duration in the first experiment. Due to Si NPs lower melting temperature in comparison to the bulk Si, these n-type Si ink samples were left at the room temperature until the complete solvent evaporation. This could prevent the Si NPs from the evaparation during the layer solidification process. The n-type Si ink layer thickness was 1000 nm.
Recent studies indicate that carbon black ink has a strong nonlinear scattering effect [44] . The carbon black ink shows a very small light scattering at the wavelength of 1064 nm. This makes carbon black dispersion as an excellent candidate for laser heating absorption at the peak power pulsing operation. On the other hand, the carbon black layer is the protection layer from overheating the p-type Si substrate surface by the infrared fiber laser. The Si shows high reflectance at the wavelength of 1064nm from its surface without further being processed [45] , [46] . Carbon NP dispersion from Tokai Carbon was used as an optical absorption layer for infrared laser energy, and the average particle size was 150 nm. The carbon black were coated above the n-type SOD in the first experiment and n-type Si NPs layers in the second experiment at the speed of 2000 rpm for 20 s as shown in Fig. 1(d) . This step was repeated several times to increase the carbon layer thickness. The carbon layer thickness was 1000 nm before the laser doping process was applied. No anti-reflecting thin film was grown, and the substrate surface was not textured. A Yb-doped fiber laser (SPI IF20LRM110) was used in this research for the doping process, as shown in Fig. 2 . The laser source at a wavelength of 1064 nm has a maximal output power of 20 W, a pulse frequency of 200 kHz, and a scan speed of 5000 mm/s. The sample was placed on a stationary carrier at room temperature. The pulsed laser beam scanned in the Y direction to form a doped column with a length of 12 mm. The carbon layer absorbed the laser pulse energy and converted it into thermal energy to heat the n-type Si ink layer and produce a local diffusion into the p-type substrate. After irradiating one column, the laser beam then irradiated the next column at a constant pitch of 50 mm in the X direction, resulting in 240 doped lines. When the laser doping process was completed, all samples were cleaned with DI water and dipped in HF (5%) to strip the remaining residual dopant layers. The laser parameters were optimized to avoid overheating the sample surface. 
III. EXPERIMENTAL RESULTS AND DISCUSSION
We first verified the dispersion of Si NP on Si wafers by using a scanning electron microscope (SEM) after coating them with the mixture of n-type SOD + Si NPs. Fig. 3(a) displays the dispersion on Si wafers with n-type SOD, and Fig. 3(b) displays the dispersion on Si wafers with n-type SOD + Si NPs. In both cases, aggregated particles were visualized with an average diameter of 30 nm. In Fig. 3(b) , the sample coated with n-type SOD + Si NP shows an increased particle density. Moreover, it shows a smooth and homogeneous layer on the Si substrate. We observed various particles including phosphorus and silicon dioxide, but the Si NPs could not be viewed clearly. To visualize the Si NPs properly, the solvent needs to be evaporated at room temperature, and then the sample was visualized using SEM and TEM. Fig. 4(a) illustrates the top surface of the sample, the Si NPs ranging from 2 to 5 nm are dispersed uniformly on the Si wafer. Fig. 4(b) illustrates the cross-section view of Si wafer coated with n-type SOD + Si NPs. The measured thickness is approximately 1 µm and Si NPs are clearly visible inside the intermediate layer. The laser treatment was carried out on the samples with the coated n-type SOD + Si NPs in Fig. 4(b) . Fig. 4(c) shows a cross section of these samples after laser treatment, which reduced the thickness of the n-type SOD layer decreases by 70%-80%. The Si NP layer was preserved under the n-type SOD layer. This thickness decreases suggests that the SOD solvent evaporated and Si NPs are melted into the p-type Si substrate because the infrared laser heating temperature on the Si NPs layer reaches their melting point. In addition, no damage on the Si substrate is visualized. Fig. 4(d) displays TEM result for a cross section of the sample coated with n-type SOD + Si NPs after laser irradiation, when the Si NPs were fused with the Si substrate.
This study investigated the sheet resistance following laser irradiation. Fig. 5 reports the dependence of the sheet resis-VOLUME 4, 2016 FIGURE 5. Sheet resistance as a function of laser power for the samples coated with the n-type SOD and n-type SOD + NPs layers. The pulsing frequency and scanning speed were 1 kHz and 5 mm/s, respectively.
tance on laser power. The laser parameters used for this study had a pulse frequency of 1 kHz, and a scan speed of 5 mm/s. The laser power was varied from 15 W to 20 W. The sheet resistance measurements in this research are made by the four-point probe method. In Fig. 5 , the blue line indicates the measured sheet resistance of the sample coated with n-type SOD and the green line indicates the measured sheet resistance of the sample coated with n-type SOD + Si NPs. Both cases show the sheet resistance increases when the laser power increases. For the case of the sample coated with n-type SOD + Si NPs, n-type Si NPs penetrate into the p-type substrate resulting in dopant diffusion process as the laser heating increases. However, the laser heating temperature recrystallizes the n-type Si NPs and the p-type substrate, and helps the increases of crystallographic defect density. If no additional n-type dopants Phosphorus are diffused into the Si substrate to increase the conductivity at the same time, consequently, it turns out the sheet resistance increases. The sample coated with n-type SOD + Si NPs shows higher sheet resistance than that of the sample coated with the n-type SOD. Moreover, the measured sheet resistance values keep the same difference as the laser power increases. The resistance difference between two samples can be attributed to the presence of Si NPs.
The laser scanning speed affects the cumulative energy of the laser treatment process. Table 1 presents a summary of the dependence of sheet resistance on the laser scanning speed for the two dopant sources: n-type SOD and n-type SOD + Si NPs. The laser parameters used for this study were a laser pulse frequency of 1 kHz and 18 W of power. The laser scanning speed was varied from 5 mm/s to 15 mm/s in 5 mm/s increments. Increasing the scanning speed leads to a low degree of beam spot overlapping, which results in the reduce of the laser pulse energy applying on the Si NP layer. When the scanning speed increased, the sheet resistance decreased for both film stack cases: n-type SOD and n-type SOD + Si NPs on the p-type substrates. One of the possible reasons is that the laser power 18W already exceeds the optimal power for the dopant diffusion process on the film stacks. Reducing the laser heating period will minimize recrystallization defects under the condition of the limited amount of dopant sources. When the laser scanning speed increases from 5mm/s to 15mm/s, the sheet resistance for the sample coated with n-type SOD decreases from 270 to 232 ohm/sq. However, the sheet resistance for the sample coated with n-type SOD + Si NPs decreases from 392 to 304 ohm/sq. The samples coated with n-type SOD + Si NPs show more sensitive to the laser scanning speed than the samples coated with n-type SOD. Table 2 displays the effect of laser pulse frequency on sheet resistance for two dopant sources: n-type SOD and n-type SOD + Si NPs. The laser parameters for the study were 18 W of laser power and 5 mm/s of laser scanning speed. The laser pulsing frequency varied from 1 kHz to 5 kHz in 2 kHz increments. The samples with the n-type SOD + Si NPs dopant source demonstrate higher sheet resistance than those with the n-type SOD dopant do. The sheet resistance decreases when the pulsing frequency increases. The higher the laser pulsing frequency is, the higher the laser pulse energy is. The increase in pulsing frequency results in the reduction of energy build-up time on the dopant Phosphorous, and it turns out that laser dosage decreases during the laser treatment process. On the other hand, the increases of pulsing frequency implies the higher overlapping rate on the same spot of the p-type substrate.
This study explored the dopant diffusion phenomenon further. The laser parameters for this study were 18 W of power, a pulse frequency of 1 kHz, and a scan speed of 5 mm/s. Fig. 6 illustrates the dopant concentration profile as a function of diffusion depth using a secondary in mass spectroscopy (SIMS) technique for the n-type SOD and n-type SOD + Si NPs dopant sources. The blue line indicates the Phosphorus concentration for the sample coated with the n-type SOD and the green line indicates the concentration for the sample coated with the n-type SOD + Si NPs. The Phosphorus concentration difference is relatively small on the substrate surface between the samples coated with the n-type SOD and n-type SOD + Si NPs dopant sources. Surface Phosphorus concentrations exceeded 10 20 atoms/cm −3 for both type of samples. Such two types of samples show considerably concentration difference at the depth from 50 to 100 nm. The penetration depth for n-type SOD is 80 nm and 130 nm for the n-type SOD + Si NPs. The deeper diffusion into the Si substrate is observed for the n-type SOD + Si NPs than the n-type SOD sample. The n-type SOD + Si NPs sample shows higher Phosphorus concentration than the n-type SOD sample. Consequently, the n-type SOD + Si NPs samples with the higher Phosphorus concentration profile in the p-type substrate can show a reduced minority carrier recombination. In addition, the Phosphorus concentration profile indicated by the green line suggests that the dopant sources are completely depleted in the Si substrate after the depth at the 100 nm. This result indicates that the laser treatment process successfully diffused the n-type dopants mixed with the Si NPs into the Si substrate.
IV. CONCLUSIONS
This research successfully demonstrated that PN junctions with Si NP layers can be formed using an infrared fiber laser at the wavelength of 1064nm. A solution of n-type SOD and Si NPs was used as the dopant source in the laser treatment process. Three parameters were investigated for the laser doping: power, scanning speed, and pulse frequency. As the laser power increased, the sheet resistance increased in the PN junctions with the Si NPS. As the scanning speed and pulse frequency increased, the sheet resistance decreased in the PN junctions with Si NPs. The experimental results indicate that high pulse overlap and a long exposure time are preferable for achieving lower sheet resistance in PN junctions. The SIMS analysis revealed an effective diffusion of the n-type SOD + Si NPs into the p-type Si substrate. This shows that the proposed process is a promising technique in the manufacturing of high efficient Si NP photovoltaic cells on various flexible substrates. Future studies could explore the optimization of laser power density to minimize crystallographic defects on Si substrates.
